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Summary
Objective: This paper examines the hypothesis that the dermatan sulfate (DS) chain on decorin is a load carrying element in cartilage and that
its damage or removal will alter the material properties.
Methods: To test this hypothesis, indentation and tensile testing of cartilage from bovine patella were performed before and after digestion with
chondroitinase B (cB). Removal of signiﬁcant amounts of DS by cB digestion was veriﬁed by Western blot analysis of proteoglycans extracted
from whole and sectioned specimens. Specimens (control and treated) were subjected to a series of step-hold displacements. Elastic modulus
during the step rise (rapid modulus) and at equilibrium (equilibrium modulus), and the relaxation function during each step was measured for
test (cB and buffer) and control (buffer alone) conditions.
Results: cB had no effect on any of the viscoelastic mechanical properties measured, either in indentation or tension.
Conclusion: Removing or damaging approximately 50% of the DS had no effect on the mechanical properties, strongly suggesting that DS
either carries very low load or no load.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The mechanical properties of cartilage derive from its com-
plex composition and micro organization. Damage to this
microstructure is thought to be involved in disease pro-
cesses such as osteoarthritis, in which cartilage ﬁbrillates
and wears away1. It is thought that the ﬁbrillation is a conse-
quence of the weakening, but it is unknown which of the
molecular elements are critical in this weakening process.
Cartilage is composed primarily of water, Type II collagen
and the large aggregating proteoglycan, aggrecan. How-
ever, it contains many other minor molecules, such as de-
corin, that have been speculated to play a critical role in
the mechanical properties2e4.
Decorin is a member of the small leucine-rich proteogly-
cans (SLRP)5. Decorin in cartilage is composed of a protein
core of approximately 45 kDa and an attached glycosylami-
noglycan (GAG) chain, dermatan sulfate (DS) of approxi-
mately 55 kDa2. The core protein of decorin is found
attached circumferentially to the collagen ﬁbrils6 and the co-
valently attached DS chain is thought to project out from the
collagen ﬁbril into the interﬁbrilar space7,8.
There is evidence that decorin inﬂuences collagen ﬁbril di-
ameter during ﬁbril formation9e12 and that it plays a role in the
mechanical properties of healing tendons and ligaments.
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655between Type I collagen ﬁbrils in tendon. Others have pro-
posed a more direct load carrying function for decorin
through the DS GAG chain2e4. Nakamura et al.14 showed
that reduction of decorin concentration with anti-sense
gene therapy increased the strength of healing rabbit ten-
dons. Soslowsky et al.9,15 measured the mechanical proper-
ties of tendons/ligaments from decorin knockout mice. There
was evidence that decorin inﬂuences tendon/ligament me-
chanical properties, but it is not clear if the effect was due di-
rectly to decorin as a load carrying element or to its effect on
regulating ﬁbril assembly in the developing animal. A recent
study16measured the elastic properties of humanmedial col-
lateral ligament before and after digestion with chondroiti-
nase B (cB) (an enzyme that removes the DS GAG chains
from the decorin protein) and found no change in either ten-
sile or shear modulus with cB treatment, arguing against a di-
rect mechanical load carrying role by DS in ligament and
tendon.
Decorin has also been found in cartilage attached to the
collagen ﬁbrils17e21 with the highest concentration in the
surface layer, decreasing toward the deep zone1. Although
it makes up a much smaller mass/mass (m/m) ratio of tissue
than aggrecan in cartilage, it is present in a similar molar
concentration1. Heinegard et al.19 speculated that in carti-
lage, the extending DS chains aid adhesion between colla-
gen ﬁbrils, forming a sort of ‘glue’. Likewise, Scott and
Stockwell22 applied methods of analysis to cartilage similar
to those they applied to tendon and proposed that the same
mechanism occurs in cartilage, i.e., that the DS chains in
decorin provide a bridge and bond between Type II collagen
ﬁbrils by overlapping DS chains. DS also occurs at other
sites in cartilage, such as in biglycan and other DSPGs
(dermatan sulfate proteoglycans), although there has
Fig. 1. Western blot of guanidine extracted proteoglycans from full
thickness layer of indentation specimens blotted with 6D6 anti-de-
corin antibody. Decorin with the DS chain resolves at approximately
110 kDa, whereas decorin without the DS chain resolves at approx-
imately at 55 kDa. The (þ) refers to digestion with cB; the () is the
control incubated in buffer only. DS digestion is evident by the
smear below the 110 kDa and greater staining at the 55 kDa
band (DS digestion). The blot was quantiﬁed with densitometry
(see Fig. 2 for areas measured), as reported in the text.
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tion at these sites. Like in tendons, decorin is proposed to
contribute to the mechanical properties of the cartilage
matrix by direct load transfer through the DS, but there is
no direct data to support this hypothesis.
An approach to determine the function of a particular mol-
ecule on the mechanical properties of soft tissues is to test
the tissue before and after digestion with selective
enzymes23e25. To our knowledge, the effect of DS, speciﬁ-
cally, on the mechanical properties of cartilage has not
been studied by this method.
The goal of this study is to test the hypothesis that DS is
a load carrying structural molecule in cartilage. To test this
hypothesis, we chose to use cB enzymatic digestion for the
disruption of the DS side chain to see if this caused a changeFig. 2. Western blot for decorin in seven sections from top layer of control
and cB refer to sections shown in Fig. 3. Arrows indicate decorin with (þG
evaluated by denin tensile and compressivemechanical properties. If DS does
support load, and therefore plays a role in the mechanical
properties, damage to this molecule could lead to degrada-
tion in mechanical properties, such as seen in osteoarthritis.Methods
The experimental design was to indent or test in tension cartilage speci-
mens after equilibration in phosphate buffered saline (PBS), apply the en-
zyme in buffer to the cB treated specimen and the buffer alone to the
control specimen for the digestion period, and then retest each specimen af-
ter equilibration in PBS. Biochemical analysis was performed to ensure that
DS was removed for altered. The details of this procedure were as follows.SPECIMEN PREPARATION AND EXPERIMENTAL DESIGNIndentation tests
Bovine patella was obtained from a local slaughterhouse. Articular carti-
lage specimens were cut from both medial and lateral facets to dimensions
of 12 mm by 12 mm. Approximately 1 mm of subchondral bone was left at-
tached to the cut specimens. The thickness of the cartilage for each speci-
men was determined with a calibrated reticle and stereoscope by
measuring the thickness of cartilage at the specimen edge in multiple loca-
tions. Adjacent specimens were used for cB treated and control pair; four
pairs were taken from four patellae. Specimens were placed in a 3 cm diam-
eter plastic dish and ﬁxed with dental cement, taking care not to get the ce-
ment on the cartilage surface. The tissue was then ﬂooded with PBS and
tested in indentation to obtain a 0 h time point.
Following the time 0 h indentation tests, the specimens were removed
from the plastic dish and submersed in cB buffer (details in Supplementary
materials) with or without 0.1 U/ml cB (Seikagaku 100337). Specimens
were incubated at 37C for 24 h under gentle agitation, after which the spec-
imens were removed, solutions changed to PBS, equilibrated to room tem-
perature and indented again for the 24 h time point.
Tension tests
For tensile testing, cartilage from bovine patella was cut approximately
15 mm long by 3 mm wide and further sectioned in a cryomicrotome to ap-
proximately 0.3 mm thick. Slices were divided into surface (S), middle (M),
or deep (D) zones. Specimens were equilibrated in PBS at room tempera-
ture, and a more accurate measurement of the thickness was determined us-
ing a custom device26. The specimens were then tested in tension to obtain
a 0 h time point. Following the 0 h tensile tests, the specimens were sepa-
rated into control (no cB) and cB treated specimens (cB at 1.0 U/ml; Sigma
cat no. C-8058) in cB buffer deﬁned above for approximately 38 h at 37C
with gentle agitation. cB was used with higher concentrations in the tensile
tests, compared to the indentation tests, in order to increase the amount of
DS removed, based on that removed in the indentation test. In addition, en-
zyme from Seikagaku has a speciﬁc activity six times greater than the Sigma
preparation. After the incubation, the specimens were equilibrated in PBS at
room temperature, and the tensile test repeated to obtain a 38 h time point.BIOCHEMICAL ANALYSISAll biochemical analyses were performed after digestion and mechanical
testing.and cB treated cartilage from the indentation tests. Numbers after C
AG) and without (GAG) DS attached. Boxes indicate the regions
sitometry.
Fig. 3. Ratio of (decorinþGAG)/((decorinþGAG)þ (decorinGAG)) for control tissue (regular font) and cB treated tissue (bold) in each sec-
tion of the top half of an indentation specimen, as determined from densitometry of the Western blot in Fig. 2. The number in the upper left
hand corner of each section corresponds to the section number. Object not to scale.
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In order to account for a possible difference in loss of aggrecan, in addi-
tion to DS, during incubation with cB, for both the indentation and tensile
specimens, proteoglycan content was measured by the binding of dimethyl-
methylene blue (DMB) as previously described using puriﬁed proteoglycan
monomer as the standard26. For indentation specimens, the proteoglycan
content was determined directly from proteoglycans extracted in 4 M guani-
dine chloride (GuCl) and data reduced to mg of proteoglycan per mg protein
(details in Supplementary material). This was done on both an entire speci-
men that had been cut from the bone and also a specimen that had been cut
from the bone and then sectioned into 14 pieces (Fig. 3). Similar procedures
were used for the tensile specimens (see Supplementary materials).
Western blot analysis
Equal amounts of protein extracted in 4 M GuCl from both control and cB
specimens were separated on a TriseHCL 10% T-acrylamide gel under re-
ducing conditions. Resolved proteins were transferred to a nitrocellulose
membrane (millipore) and blotted for decorin using the anti-decorin antibody
‘‘6D6’’27 diluted 1:10 in PBS 0.1% tween-20 followed by secondary labeling
using Sigma’s rabbit anti-mouse HRP antibody diluted 1:5000 in 5% non-fat
dried milk in Tris buffered saline and 0.4% tween-20. Immunoreactive bands
were detected using enchanced chemiluminescene (ECL) Western blotting
detection reagents from Amersham Biosciences (RPN2109) following man-
ufacturer’s instructions. Relative average amounts of decorin with GAG (þ)
and without GAG () were visually approximated in each lane and quantiﬁed
by densitometry of the gels.MECHANICAL TESTINGFig. 4. Western blot of guanidine extracted proteoglycans from rep-
resentative tension specimens from the deep, middle, and surface
regions blotted with 6D6 anti-decorin antibody. () Represents con-
trol specimens incubated in buffer only; (þ) represents incubation in
cB and buffer.Indentation tests
Indentation tests were performed on an ELF 3100 test machine with 22 N
load cell (Bose/EnduraTec, Inc., Minneapolis, MN) using a 2 mm diameter
non-porous ﬂat-ended cylindrical indenter tip. The plastic dishes with speci-
mens in PBS were glued to a rotating holder on the test machine to allow in-
dentation on a ﬂat surface. The test protocol was displacement controlled,
consisting of three step-holds of 0.02 mm for 240 s and four step-holds of
0.04 mm for 300 s. The step displacement was at 0.1 mm/s. In the Step 7
hold, load relaxation rate at 300 s was approximately 0.2 mN/s. Five indent
tests were performed at different sites for each specimen.
For each indentation specimen pair (four pairs), there were four test con-
ditions: cB 0 h, control 0 h, cB 24 h, and control 24 h. Data for each indent
(cB 0 h N¼ 19; control 0 h N¼ 19; cB 24 h N¼ 18; control 24 h N¼ 18)
was reduced to a ‘rapid’ Young’s Modulus (E0) from the increasing displace-
ment phase, a relaxation function (R(t)) from the hold phase for each step,
and an equilibrium Young’s Modulus (Eeq) from the end of all of the hold
phases. E0 and R(t) were determined at each step-hold; Eeq was determined
from the seven equilibrium points. E0 and Eeq were calculated using the
Hayes solution for a ﬂat-ended indenter indenting an elastic layer28, with
an assumed Poisson’s Ratio of 0.530 for rapid loading and 0.2531,32 for equi-
librium using previously published methods29. The moduli for the ﬁve indents
for a particular test condition were averaged. The average moduli data for
each specimen were then reduced to E(24 h)/E(0 h), reﬂecting the difference
in modulus between testing at 0 h and 24 h due to both the effect of the cB
and any change due to other factors, for example, loss of aggrecan. To as-
sess whether cB caused a change in properties, this ratio was compared
with the equivalent values for the control specimens, which would only be
effected by the loss of factors other than DS.
The relaxation function for the indentation test was deﬁned as the load mi-
nus the load at the last equilibrium, normalized by the maximum step load
change during the rapid load for that step. This is not a true relaxationfunction, but it was a reasonable approximation and did not require commit-
ting to a speciﬁc time dependent constitutive equation. For each specimen at
a particular test condition, the ﬁve normalized relaxation functions for each
test condition were averaged at each step to give a single relaxation function
at each step for that specimen. At each step, the normalized relaxation func-
tion of the specimen at 24 h was divided by the value of the normalized re-
laxation function of the 0 h test (same specimen) at the same time to give
a function representing the change in relaxation function due to the time in
solution vs time, for both the cB and control specimens. This function should
always be 1 if there was no change in R(t) due to the digestion. These func-
tions were then averaged over time for all specimens at that condition to give
AvgR(t) for the cB and control specimens. The AvgR(t) for the control spec-
imen was compared to the AvgR(t) for the cB specimen using a paired t test
at a time point near the end of the hold period since the function was mono-
tonic and differences were greatest at the end.
Tension tests
Tensile testing was performed on an MTS MicroBionix (MTS, Minnetonka,
MN) test machine with 5 N load cell (MTS, Inc., Minneapolis, MN). Speci-
mens were held in place by sandpaper surfaced grips. In preliminary work,
ink marks were made on a series of specimens at the grip site and the
test recorded on video to ensure no grip slippage. None was observed in
any tests. The gage length for the test was approximately 11 mm (measured
for each test) and grip displacement was used for strain calculation. The test
protocol was displacement controlled, consisting of three step-holds of
0.35 mm for 180 s, 0.35 mm for 240 s, and 0.35 mm for 300 s. The step dis-
placement rate was at 1 mm/s, for a step rise time of 0.35 s. In the Step 3
hold, load relaxation rate at 300 s was approximately 0.06 mN/s. Nine cB
specimens were tested and nine control specimens were tested.
Data for each step was reduced to a ‘rapid’ Young’s Modulus (E0) from the
increasing displacement phase, a relaxation function (R(t)) from the hold
phase, and an equilibrium Young’s Modulus (Eeq) from the end of the hold
phase (see Supplemental material for justiﬁcation of this method for data re-
duction). E0 was determined at each step-hold; Eeq was determined from the
three equilibrium points, assuming one-dimensional stress. The relaxation
Table I
Equilibrium and rapid modulii ratios for indentation tests (E at 24 h after digest or control buffer/E at 0 h before digest or buffer) for both control
and cB specimens
Eeq (24 h)/
Eeq (0 h)
E1rapid (24 h)/
E1rapid (0 h)
E2rapid (24 h)/
E2rapid (0 h)
E3rapid (24 h)/
E3rapid (0 h)
E4rapid (24 h)/
E4rapid (0 h)
E5rapid (24 h)/
E5rapid (0 h)
E6rapid (24 h)/
E6rapid (0 h)
E7rapid (24 h)/
E7rapid (0 h)
CON 0.85 0.06 (N¼ 4)z 1.00 0.25* 0.99 0.24 0.96 0.27 0.94 0.20 0.96 0.17 0.92 0.19 0.92 0.16
cB 0.86 0.14 (N¼ 4)z 1.72 1.62y 1.05 0.31 0.92 0.21 0.89 0.19 0.91 0.18 0.94 0.16 0.95 0.14
CON was not different from cB for any of the modulii (P> 0.2).
*For each CON Erapid, N¼ 4z.
yFor each cB Erapid, N¼ 4z.
zEach N is the average of four or ﬁve indents.
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tation data, but only the second step was used for comparison.
Several of the tensile specimens had stiffness of the same order of the
error due to not achieving equilibrium. This will be discussed further in the
Discussion. One specimen was extreme and data for this was not used.
For seven others, the equilibrium data could not be used, but the rapid mod-
ulus data was used. This resulted in three control and seven cB treated ten-
sile specimens with equilibrium and relaxation data and eight control and
nine cB treated specimens with rapid modulus data.STATISTICAL ANALYSISMechanical data was analyzed by forming ratios of mechanical parame-
ters for after/before treatment (cB in buffer or buffer alone) and comparing
groups with an unpaired t test, with P< 0.05 for signiﬁcance. Statistical anal-
ysis of the Western blots and proteoglycan content was performed using an
unpaired t test assuming unequal variances, except a paired (on location)
t test was used for Western blot data for sectioned specimens.ResultsMODEL SYSTEMFig. 5. Effect of cB on indentation relaxation function, R(t), for StepThere was no detectable difference in proteoglycan con-
tent between the indented control and cB treated speci-
mens (control: 1.7 0.01, cB: 1.77 0.05 mg pg/mg
protein, P¼ 0.14). However Western blot analysis of the ex-
tracted proteoglycans from the full cartilage thickness of an
indentation specimen (Fig. 1) shows that cB removed much
of the GAG from decorin, although the digestion was not
complete. For the whole specimen, the ratio of GAG(þ)/
(GAG(þ)þGAG()) after digestion for the cB specimen
was 0.52, compared to values for controls of 0.75. For a sec-
tioned cB indentation specimen there was a small, but insig-
niﬁcant change in decorin in the lower half (control
0.65 0.05, cB 0.59 0.22, P¼ 0.12), but each section in
the top half had less GAG(þ) in the cB treated samples
(Figs. 2 and 3). The ratio of GAG(þ)/(GAG(þ)þGAG())
was control 0.71 0.04, cB 0.28 0.02, P¼ 5 107.
From this data, approximately one-half of the DS was re-
moved from the top half of the specimen by the cB
treatment.
Tensile test specimens showed similar results by West-
ern blot to the indentation specimens. There was clear evi-
dence of removal of DS by the cB (Fig. 4). (GAG(þ)/
(GAG(þ)þGAG())) was control 0.76 0.04, cB
0.38 0.06, P¼ 9 1010. There was no difference in
total proteoglycan by DMB (control 11.3 4.7, cB
11.4 4.2 mg pg/mg ww tissue, P¼ 0.95).5 as a typical step, for controls (gray line) and cB specimens (dark
line). Relaxation function at 24 h is divided by relaxation function at
0 h to give the curves for control and cB. Error bars represent theMECHANICAL TESTING
standard deviation near the end of the test for the specimens in
that group. Left error bar is for the controls; right error bar is for
the cB digested specimens. There was no statistically signiﬁcant
difference between control and cB for any of the steps.For the indentation tests, there was no detectable differ-
ence between controls and cB treated specimens in either
E0 or Eeq (Table I). Since the Eeq for controls and cB treatedat 0 h were the same (0.49 0.37 MPa for controls and
0.56 0.19 MPa for cB treated at 0 h, P> 0.1), Eeq for all
control tests at 24 h (Eeq¼ 0.45 0.34, N¼ 18) was com-
pared with Eeq for all cB treated tests at 24 h
(Eeq¼ 0.47 0.15, N¼ 18). There was no difference
(P> 0.8). Both controls and cB treated specimens showed
reduced Eeq and Erapid due to the incubation (Table I).
Figure. 5 shows the average ratio of the relaxations at
24 h and 0 h, for the cB treated specimens and controls
for a typical step, Step 5. There was no statistical difference
between the R(t) before and after digestion with cB for any
of the steps. Both controls and cB digested specimens
showed changes in the relaxation curve, but this was due
to the incubation over the 24 h, not the cB, since it occurred
for the controls as well.
For the tensile tests, there was no change in equilibrium
or rapid modulus between before and after digestion with cB
and the moduli for the cB did not differ from the moduli for
the controls (Table II). There was also no statistically signif-
icant difference in the relaxation function for the second
step between before and after digestion with cB (Fig. 6).Discussion
The goal of this study was to assess the effect of DS di-
gestion on the mechanical properties of articular cartilage.
Digestion of DS by cB had no detectable effect on E0,
Eeq, or the relaxation function for either indentation or ten-
sion tests. These results refute the hypothesis that DS is
a load carrying element in cartilage. A power analysis of
our indentation equilibrium data was done by comparing
Table II
Equilibrium and rapid modulii ratios for tension tests (after digest or control buffer/before digest or buffer) for both control and cB specimens
Eeq (38 h)/Eeq (0 h) E1rapid (38 h)/E1rapid (0 h) E2rapid (38 h)/E2rapid (0 h) E3rapid (38 h)/E3rapid (0 h)
CON 1.01 0.10 (N¼ 3) 1.09 0.18 (N¼ 8) 1.19 0.22 (N¼ 8) 1.20 0.21 (N¼ 8)
cB 1.02 0.22 (N¼ 7) 0.98 0.16 (N¼ 9) 1.02 0.18 (N¼ 9) 1.03 0.17 (N¼ 9)
cB was not different from 1 for any of the four modulii. There was no difference in the modulii between before and after cB digest. CON was
not different from cB for any of the four modulii.
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for control and cB specimens. This indicates that we would
have been able to detect a change of Eeq of 23% due to loss
of DS at a power of 80% and P< 0.0533. If there was
a change in the material properties of the tissue due to di-
gestion of the DS chain, it was small.
Our results are consistent with the results of Lujan et al.16
in which they found no effect of cB digestion on the quasi-
static material properties of human medial collateral liga-
ment, supporting the notion that decorin and the DS chain
do not carry load and function the same in cartilage as
they do in ligament. In subsequent work by this group21,
they conﬁrmed the work of Scott13 in which they demon-
strated by TEM the DS chains surrounding collagen ﬁbrils
in ligament. However, their digestion studies suggest that
the DS chains do not carry load, as we too have concluded.
The DS chains could still perform some mechanical func-
tion, such as spacing collagen ﬁbrils in low force conditions,
but the attachment forces involved must be very low and
would not resist functional external forces on the structures.
Although we did not measure strength of the cartilage, it
would be surprising if there were a signiﬁcant effect on
strength and no effect on prefailure properties, both elastic
and viscous. Assuming the DS chains do not affect me-
chanical properties, there remains the question of what is
their function. It is quite likely that they inﬂuence ﬁbril forma-
tion as others have suggested12,18, but it is still confounding
as to why they are so dense in mature ligament21 and car-
tilage22 if their only function is in tissue formation.Fig. 6. Average relaxation function for the tension tests for the second ste
specimens (CONS/S; N¼ 3) and specimens treated with cB (cBS,M/S,M;
either average curve due to the incubation and COThe Western blot analysis supported the effectiveness of
the cB and conﬁrmed that a signiﬁcant portion of the DS
was removed or damaged from the indentation specimen,
although the alteration was neither spatially uniform, nor
complete. Evidence from the data supports that a signiﬁcant
portion of the DS was digested in the top layer. This is the
region (top approximately 0.8 mm) where the indentation
would be expected to be the most effected34,35, since the in-
dentation depth was less than 0.22 mm. The Western blot
analysis of the tension tests also showed that approxi-
mately one-half of the DS was removed by the cB. For
both indentation and tension specimens, it would be ex-
pected that this degree of damage to DS would change
the mechanical properties if DS were a load carrying struc-
ture. Although we performed densitometry analysis in an at-
tempt to quantify DS removed, based on our prior use of
this method we do not believe it is a very accurate measure
of the quantity of DS in the tissue.
It is known that proteoglycans can be lost from cartilage
during long term incubation, and this loss could be reﬂected
in change in mechanical properties24,25. To account for this
possibility, we measured total proteoglycans in all speci-
mens after mechanical testing. We did not assess proteo-
glycans before testing, since that would destroy the
specimens. There was equal reduction in Eeq and Erapid
for both test groups due to the digestion and the total pro-
teoglycans of both groups after testing was the same. Since
there was neither a difference in proteoglycan content nor
mechanical properties between control and cB groups, butp, R2(t), after digestion divided by R2(t) before digestion, for control
N¼ 7). There was no statistically signiﬁcant difference from one in
N is not different from cB at any time point.
660 M. L. Hall et al.: Dermatan sulfate and cartilage testingDS content did differ between the groups, the conclusion
must be that the difference in DS did not cause a change
in mechanical properties even though there was a change
in proteoglycans.
We have focused on the DS attached to decorin because
it has been speculated to have a direct mechanical role19,22.
However, DS is known to attach to molecules such as bigly-
can and other DSPGs18 so our enzyme digestions do not
uniquely attack decorin. Since there was no effect on the
mechanical properties, however, this is not an issue be-
cause the conclusion remains that DS has no direct effect
on mechanical properties, wherever it is in the matrix.
There were limitations to our study. We chose a relatively
short time for the hold phase of the steps because we were
concerned with specimen degradation during the test, and
we also wanted to minimize the time of testing since
many tests were performed. Although we did not see a prob-
lem with the indentation tests in this regard, there was
a problem with the tensile tests. We found that in the ten-
sion tests the deep and mid level specimens had stiffness
of the same order as the error due to not achieving equilib-
rium. We estimated this error by simulating the tensile ex-
periment with a linear viscoelastic model using
parameters we had ﬁt for cartilage in a previous study35.
Based on this information we estimated that the error in de-
duced equilibrium modulus was approximately 0.2 MPa. If
the equilibrium modulus we were trying to measure was
of this size we could get a substantial error. Therefore, we
chose not to use any equilibrium or relaxation data if the cal-
culated equilibrium modulus was less than 0.5 MPa. This
mainly affected the deep and some mid range specimens.
It was fortunate that most of the decorin is in the surface re-
gion1; our selection criterion was such that we could use all
surface specimens.
Another limitation in the study was the considerable scat-
ter in our data, especially the indentation tests. We noticed
this in pilot tests and hence decided to perform ﬁve indents
per specimen. Unfortunately, a consequence of this scatter
was the relatively low power of our study; however we felt
we could detect a difference of 23% in Eeq with a power
of 80% in the indentation tests. This raises the possibility
that the effect we were trying to detect was smaller than
our resolution. Our test methods were typical for cartilage
testing so we believe that others would have similar limita-
tions. Improving resolution will be a challenge; and until
these limitations are overcome, this study provides direct
evidence that DS does not carry load in cartilage.Conﬂict of interest
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